Rainfall intensity extremes are relevant to many aspects of climatology, climate change, and landsurface processes. Intensity is described and analysed using a diversity of approaches, reflecting its importance in these diverse areas. The characteristics of short-interval intensity extremes, such as the maximum 5-min intensity, are explored here. It is shown that such indices may have marked diurnal cycles, as well as seasonal variability. Some indices of intensity, such as the SDII (simple daily intensity index), provide too little information for application to landsurface processes. Upper percentiles of the intensity distribution, such as the 95th and 99th percentiles (Q95 and Q99) are used as indices of extreme intensity, but problematically are affected by changes in intensity below the nominated threshold, as well as above it, making the detection of secular change, and application to sites with contrasting rainfall character, challenging. For application to landsurface processes, a new index is introduced. This index (R Q95 ), is that intensity or rainfall rate above which 5% of the total rainfall is delivered. This index better reflects intense rainfall than does Q95 of even 5-min accumulation duration (AD) rainfall depths. Such an index is helpful for detecting secular change at an observing station, but, like Q95, remains susceptible to the effects of change elsewhere in the distribution of intensities. For understanding impacts of climate and climate change on landsurface processes, it is argued that more inclusive indices of intensity are required, including fixed intensity criteria.
Introduction
Rainfall intensity is a functionally-important aspect of rainfall arrival at the landsurface, but one whose characteristics are challenging to quantify. Intensity influences many hydrological processes of importance to society, including urban drainage problems, the triggering of mass movements, and important ecosystem functions [1] [2] [3] . Rainfall intensity also exerts an important influence on soil erosion processes and rates [4, 5] , though in some situations amount has been found to be more important than peak intensity [6] , and generalisation is difficult given the many influencing factors involved in erosion processes. Secular change in rainfall intensity is one of the expected but incompletely-known aspects of climate change, connected with invigoration of the hydrological cycle. There are widely divergent findings in this area, including both significantly increasing and decreasing secular changes in intensity, as well as many reports of no detectable change [7] [8] [9] . At least part of the variability of results may be linked to the different indices used to express rainfall intensity. Given that rain is highly intermittent in time, the use of daily rainfall amounts to infer intensity changes [10, 11] contributes to uncertainty in interpretation.
Owing to the diversity of contexts in which it is important, rainfall intensity has been analysed and reported using a corresponding diversity of data and methods, which can yield different characterisations of the same rainfall records. In studies of the secular changes in climate, for instance, the simple daily intensity index (SDII; [12, 13] ) finds wide application. This index is simply the total rainfall depth over a period such as a month or a year, divided by the number of rain days in that period; it is therefore the mean wet day rainfall. This is perhaps more correctly described as a measure of the wetness of rain days, and can only be loosely connected with the actual intensity when raining, since rain commonly falls for only a part of each rain day [14, 15] . Locations with different degrees of rainfall intermittency (or different variance of rainday intensities) may exhibit different intensities when raining, even if their SDII values are the same. Therefore, whilst the SDII is a useful index in secular change studies, it provides too little resolution of true intensity for investigating phenomena such as water partitioning at the landsurface [16] , and others mentioned above, which have a marked dependence on the actual short-term values of intensity, intermittency, and other rainfall properties that may vary over periods of <<1 h. For instance, [17] observed that the concentration time for many storm events over urban catchments was in the range 15-30 min, and intensities on such timescales must be quantified. Likewise, crop growth is influenced by aspects of the rainfall intensity and frequency, and not merely the accumulated rainfall amount, because of the way in which these affect the entry of water into the root zone [18] . Consequently, [19] noted that "the impact of a rainfall event depends on how it unfolds [that is, on the intensity as it varies from moment to moment] as much as on the final rainfall tally." and similarly, [20] observed that "rainfall intensity is more important than the accumulative rainfall".
The difficulty of recording rainfall intensity contributes to the many different metrics used to report it. The wide range of methods cannot be reviewed here. It is clear that the true rainfall intensity at a point-that is, the instantaneous rate of arrival of rain-is difficult to estimate using commonly-used methods such as tipping bucket rain gauges (TBRGs). More often, the total rainfall amount recorded during an accumulation duration (AD), such as an hour, is used to derive what is best referred to as a 'rainfall rate' that is conditional on that AD: that unvarying rate of arrival that would yield the observed rainfall depth in the corresponding AD. Such unvarying rainfall rates are not present during actual rainfall; rather, intensity fluctuates and, at intervals, rainfall may cease and then resume (rainfall intermittency). Such phenomena are partially or wholly concealed in data that have been temporally aggregated and this raises the issue of by what measure intensity is best characterised. The decline in apparent rainfall rates with increasingly long ADs has been widely documented [21] , and in recognising this effect, many studies of extreme rainfall explore the statistics using multiple ADs from 1 h to 24 h [22, 23] , in which diminution of intensity in the longer ADs is highlighted. Long duration ADs of 1 h, several hours, or 1 day, remain in use to describe rainfall extremes [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] , even though these lack the resolution to reveal actual rainfall intensities.
Among the sub-daily ADs, hourly rainfall totals synchronised with clock time are perhaps the most widely-available. However, these are likely to mis-represent the maximum intensity of many important convective rainfall events, since, as emphasised by [36] these cannot be expected to peak exactly between two clock hours.
In the context of climate change, and for studies of landsurface processes, a key aspect of rainfall intensity is the upper end of the distribution of intensities-the extremes of intensity-which may drive hazardous processes, and which may show the largest intensification in warmer future climates. However, sustained moderate intensities may also trigger flooding and mass movements, but with less rapid onset. Even the proportion of rainfall at the lower end of the intensity range, which can be lost to evaporation from wet foliage and litter, affects the net or effective rainfall that reaches the ground beneath forests and crops; net rainfall in turn affects stream hydrographs [37] . The proportion of rainfall arriving at very low intensity is important additionally because it is ineffective at producing groundwater recharge, which instead is most active in wet spells well above the median monthly rainfall [38] [39] [40] . Extremely high monthly rainfall amounts may be required for major episodes of groundwater recharge, especially in drylands [41] , and yet the likely effect on recharge rates and amounts of altered rainfall intensities linked to climate change is unclear [42] . Taken as a whole, these observations confirm that the entire distribution of rainfall intensities is of relevance to landsurface and ecological processes; nevertheless, extremes of intensity may be particularly important. Evidently, multiple indices of rainfall intensity may be needed to capture aspects important to the diverse landsurface processes that are affected by intensity.
For the kinds of reasons just sketched, in studies of secular rainfall change, measures of short-term rainfall intensities toward the upper tail of the distribution are widely used. An additional motivation is the expectation that intensification of the hydrologic cycle will involve increased moisture-holding capacity of warmer air, as described by the Clausius-Clapeyron relation [43] . In convective rainfall, which is of relatively high intensity, significant further intensity increases are envisaged. As noted above, the time-aggregation of rainfall data may partially mask this effect, such that sub-hourly data can exhibit super-CC scaling that may not be evident in hourly or daily data [44, 45] . For this reason, intensity changes in rainfall recorded over sub-hourly ADs, commonly as brief as 5 min, have been widely investigated in attempts to explore the link between temperature and extreme rainfall intensity [46] [47] [48] [49] [50] . Diverse indices, such as the wettest 6 min or 12 min per rain day, month, or year, have been used in this work [51, 52] , but rainfall tallied using ADs of 5, 10, 15, 30, and 60 min has also been widely explored [17, 53, 54] . Despite the diversity of indices of intensity, it has become clear that secular change in intensity can differ in magnitude among the seasons as well as geographically [36, 55] .
This paper attempts to explore further the statistics of the high-intensity tail of the distribution of rainfall intensities, using data having an unaggregated time resolution of 1 s. Data having high temporal resolution (<<hourly) remain relatively uncommon; it is informative to explore the properties of the short-term intensities revealed by such data, in which minimal intensity information is lost. A beneficial aspect of short intervals of intense rain is that they are less likely to be affected by intermittency than corresponding intervals of low intensity, when there is a greater likelihood that rain may stop and start, and when, in any case, the continuity of rainfall is more difficult to assess from TBRG data. In contrast, uncertainty in hourly or other aggregated data arises because a rain hour might in fact have contained just 6 min of rainfall, or 60 min-such that for the same rainfall amount, the 6-min period would reflect an intensity 10 times higher than would be suggested by the hourly total. Furthermore, six minutes of intense rainfall is far more likely to have comprised continuous rainfall, and the timing of rainfall arrival will be recorded with less uncertainty in TBRG data owing to the short bucket filling time under intense rainfall.
In summary, rainfall intensity estimates are required for a number of purposes. These include the following:
1.
Exploring the dependence of the most intense rainfalls on temperature (dry bulb or dew point) and possible secular change of intensity under global warming; 2.
Climatological description and the provision of necessary intensity and duration information for planning of urban drainage systems, including assessment of secular intensity change; 3.
To assist in understanding the triggering of mass movements, the drivers of soil erosion, and related phenomena; 4.
For hydrologic applications, including research on water partitioning, infiltration, canopy interception, and others.
Many of these areas of application require sub-hourly intensity data, which, as noted above, are relatively under-explored owing to limited availability. The specific questions addressed here, in seeking to address this aspect of the intensity problem, are as follows:
What diurnal and seasonal variability is shown by intensity data at 5, 15, 30, and 60 min ADs?
The objective in exploring this is to document the nature of the population of such intensities, which is the little-explored context (the statistical population) from which measures of extremes are sampled. To what extent do the patterns of variability differ between arid and very wet observing sites? 2.
Is the widely-used index of extreme rainfall, the 95th percentile of rainfall amounts (or equivalently, intensities) over short ADs [23, 39] , a meaningful index for application of intensity data to landsurface processes? Might an index based on rainfall amounts delivered above an intensity threshold (R Q95 , introduced below) be more informative?
3.
To what extent can descriptors of extreme rainfall intensity that rely on percentiles of a wide distribution of intensities, and which are therefore not associated with any fixed intensity, be used to compare the rainfall climates of wet and dry locations, or to detect secular change in intensity?
The remainder of this paper is structured as follows: to provide additional context, a brief commentary on methods used to identify and report measures of intensity extremes is presented first. The data sources used and the analyses undertaken are then presented, followed by key results from two field observing sites. The interpretation of the results, including similarities and differences between the sites, and an evaluation of the Q 95 and R Q95 indices of intensity extremes, is then discussed, followed by some conclusions drawn from the work.
Short AD Rainfall Data as Measures of Rainfall Intensity Extremes: Approaches and Indices
Various reasons for preferring to derive intensity data from short (sub-hourly) ADs were noted above. The nature of the rainfall process itself provides additional justification for this.
Intense convective cell lifetimes can be quite short, and may require sub-hourly rainfall data for the characterisation of their intensity. For instance, [56] devised a tracking method in a Lagrangian framework, in order to follow rainfall intensity during the lifetime of convective cells. Most cells had lifetimes of <1 h, and showed highest intensities at about 0.3 of the event duration (i.e.,~15-20 min into the lifetime of the rainfall event). In light of this kind of behaviour, in a growing number of studies, sub-hourly data are used to characterise rainfall extremes [51] [52] [53] [54] [57] [58] [59] [60] [61] . In a recent study, for instance, [62] used 10 min data (as well as these data aggregated further to yield 30 min and 60 min totals) in a study of extreme rainfall in Sicily. When such high-resolution data are available, diurnal and seasonal cycles can be investigated, in order to show what information is masked when hourly or daily aggregated data are analysed, and what resolution is consequently sacrificed using other approaches (e.g., the annual series). The exploration of diurnal and other variations in rainfall intensity therefore form a component of the present paper. However, it is important to note that even when high-resolution data are available, in some studies the data are processed as though they are drawn from a single statistical population, ignoring diurnal and seasonal variations, type of precipitation (convective or stratiform), intermittency, and other factors. For instance, [63] pooled 5 min rainfall data from six German observing stations, each with~30 years of data, to form a composite record 190 years in length. They then averaged the mean intensity for each AD (5, 10, 15, 30, 60 min and longer periods of hours) in this long record. Clearly, the statistics from such pooled data would subsume whatever diurnal and seasonal variability had been present in the original data.
Rainfall data collected with short ADs (sub-hourly) become voluminous in observing station records of even moderate length. Various approaches to extracting statistical measures of extreme intensities are therefore used. The use of fixed intensity thresholds is frequently rejected as being unsuitable when rainfall characteristics are widely variable among the large sets of observing station data (e.g., [64, 65] ). These might span arid to wet tropical climates. The use of single maxima, such as the largest 10-min or 30-min rainfall amount in each year of record, forms an 'annual series'. Also common is the peak-over-threshold (PoT) approach, in which some intensity or rainfall amount is set, above which multiple events are tallied as a measure of extremes. This approach can generate several values for each year of record (a 'partial series'). One problem with the PoT approach is that more than one AD may be selected per day [66] , which reduces the likely independence of the successive samples. An advantage is that multiple values can be derived from each calendar year of data, providing a larger sample for the estimation of statistical characteristics. In many studies, particular percentiles of the distribution of intensities (here symbolised 'Q', for quantile), derived using various ADs, are used as indices of extreme intensity. These include Q90, Q95, Q98, Q99, and Q99.9 [57, 59, 62, [67] [68] [69] [70] . These percentiles, most commonly Q95, are also frequently adopted as a threshold to be used in generating partial-series data using peak-over-threshold (PoT) methods. Generally, in that case Q95 is based on pooled, long-term station data. For studies seeking to detect secular change that might be a component of climate change, measures such as those nominated by the ETCCDI (Expert Team on Climate Change Detection and Indices) [71] , which include the largest one-day and five-day rainfalls (RX1day, RX5day), SDII, and the number of days receiving more than 10 mm or 20 mm (R10 mm and R20 mm) are employed. In studies of mass movement, surface hydrologic processes such as infiltration and runoff, and soil erosion, short-term measures of intensity find wide application [72] . These are typically the maximum intensity recorded in 5 min (I5), 10 min (I10), 15 min (I15) or 30 min (I30), though other ADs are used. The index I30 is particularly widespread [73] , having been shown to have predictive power for plot-scale soil erosion, and incorporated as a key parameter in the Unified Soil Loss Equation (USLE) developed in the USA in the mid-twentieth century, and still widely-used internationally in the revised (RUSLE) form [74] . Sort-term intensity indices such as I30 are also frequently applied in studies of the triggering of landslides, debris flows, and other mass movements [73] . Yet other indices seek relevance to ecosystem function and impacts, an example being the 'cumulative hydroclimatic stress index' (CHS) which takes extreme rainfalls to be those exceeding the Q99.9, but which also considers periods of low rainfall [3] .
A key difficulty that arises in the use of percentiles as criteria for what is extreme intensity is that percentiles are affected by the entire distribution of data, not just the values in the positive tail. Thus, the value of Q95 would change if more rain fell at intensities exceeding Q95 or if, for instance, dry periods were to occupy more of the record at lower percentiles, or if the intermittency of rainfall changed with no change in total rainfall, with fewer wet ADs but with larger rainfall totals. This would occur even if the changes in rainfall arrival were wholly restricted to intensities below the Q95 intensity. This problem with the use of percentiles, though explored in the context of wet and dry daily AD data [75] , appears not to have been evaluated in the case of sub-daily extremes and their distribution. The authors of [75] demonstrated that, because upper percentiles are affected by the distribution of less intense rainfalls, an apparent change in indices such as Q95 could arise from a change in the wet day fraction, with no actual increase in the intensity extremes.
Furthermore, data can become very scarce in the tail of the intensity distribution (e.g., in assessing Q99 or Q99.9), and the distribution is often fat-tailed, which limits the extent to which extreme percentiles of intensity can be distinguished with confidence. An alternative, involving percentiles of the rainfall amount, rather than of the ADs themselves, is explored below.
Materials and Methods

Field Sites and Data Collection
Data from two Australian field observing stations are analysed, one near the township of Millaa Millaa in the wet tropics of far northern Queensland (hereafter MM) and one located in the dry climate of the Fowlers Gap Arid Zone Research Station (hereafter FG), in arid western New South Wales. Both locations were equipped with tipping-bucket rain gauges and event data loggers which stored the Gregorian date and time of each bucket tip event with a resolution of~1 s. Gauge sensitivities were 0.2 mm (MM) and 0.5 mm (FG).
MM has a wet tropical climate, with a wet season that extends from about December to June, and a dry season in which the driest months are August and September. The observing station was located in the uplands that lie immediately inland from the coast, at an elevation of about 700 m. Mean annual rainfall at the site is about 2500 mm.
FG has a continental dryland climate, exhibiting a less regular seasonality of rainfall, with a smaller amplitude from wettest to driest months. The mean annual rainfall is about 220 mm. The field data span 9.5 years at FG (total rainfall 2676 mm) and 3.3 years at MM (total rainfall 9148 mm), with no missing data.
Data Processing
The data logger files of bucket tip events were converted to Modified Julian day numbers, using subroutines from the International Astronomical Union 'Standards of Fundamental Astronomy' time and date algorithms (http://www.iausofa.org/index.html), and all data processing involving the Julian calendar was performed using double-precision arithmetic.
The unaggregated inter-tip times (ITTs) of the TBRGs used for some analyses provide the highest temporal resolution (and lowest loss of rainfall intensity information) from this kind of pluviography. The data were also aggregated to various accumulation durations (ADs), including 5-min, 15-min, 30-min, 60-min, and 24 h. Upper percentiles of the distributions were extracted as measures of extreme intensity. Some useful properties of an alternative index, R Q95 (the 95th quantile of the cumulative distribution of rainfall amounts ranked according to intensity) is documented. This proposed index is expressed in mm h −1 (rainfall intensity) units. It quantifies that intensity above which 5% of the total rainfall (in a season, year, or longer period of record) is delivered. In contrast, the conventional Q95 index of intensity expresses the rainfall intensity that is exceeded by 5% of recorded intensities. The utility of both indices is considered later in the context of the field data. Counts of rain days and rain hours were made as required for certain analyses reported below. A rain day was taken to be a day on which any rain was recorded (thus the minimum amount is 0.5 mm at FG and 0.2 mm at MM).
Results
Seasonal Distributions of Short-AD Rainfall Intensities
Rainfall intensity characteristics averaged by month for both FG and MM were investigated using 5-min, 15-min, 30-min, and 60-min ADs. All ADs exhibited clear annual cycles of rainfall intensities (Figures 1 and 2) . The pattern at MM involves maximum intensities in February (the last month of summer but often the warmest) and minima in June-July (winter), presumably linked to the more frequent occurrence of convective mechanisms in the warm season, as has been found elsewhere [76] . At FG, the pattern is similar though slightly less regular ( Figure 2 ).
Though at MM (Figure 1 ) February is the month with the highest average intensity across 5-60 min ADs, individual 'top 10' daily maxima among the 790 rain days occur in the four months January to April. Therefore, whilst the seasonal distribution graphs suggest that an annual maximum I5, for instance, likely reflects intensity in February, it may occur in other months. The February peak simply indicates that the mean I5 is highest in that month. A long period of record would be required to assess the frequency with which the annual maximum I5 or other short AD intensity occurred in particular months. Such data are not available for the field locations studied here; in any case, the statistics may not exhibit stationarity in long records.
The amplitude of the intensity variation through the year declines for increasing ADs. For 5-min ADs, the amplitude is~21 mm h −1 but declines to~6 mm h −1 for 60-min data. Thus, seasonal variability is damped in the data at longer ADs, and the variance of intensity appears smaller.
Rainfall intensity characteristics averaged by month for both FG and MM were investigated using 5-min, 15-min, 30-min, and 60-min ADs. All ADs exhibited clear annual cycles of rainfall intensities (Figures 1 and 2) . The pattern at MM involves maximum intensities in February (the last month of summer but often the warmest) and minima in June-July (winter), presumably linked to the more frequent occurrence of convective mechanisms in the warm season, as has been found elsewhere [76] . At FG, the pattern is similar though slightly less regular ( Figure 2 ). Though at MM (Figure 1 ) February is the month with the highest average intensity across 5-60 min ADs, individual 'top 10' daily maxima among the 790 rain days occur in the four months January to April. Therefore, whilst the seasonal distribution graphs suggest that an annual maximum I5, for instance, likely reflects intensity in February, it may occur in other months. The February peak simply indicates that the mean I5 is highest in that month. A long period of record would be required to assess the frequency with which the annual maximum I5 or other short AD intensity occurred in particular months. Such data are not available for the field locations studied here; in any case, the statistics may not exhibit stationarity in long records.
The amplitude of the intensity variation through the year declines for increasing ADs. For 5-min ADs, the amplitude is ~21 mm h −1 but declines to ~6 mm h -1 for 60-min data. Thus, seasonal variability is damped in the data at longer ADs, and the variance of intensity appears smaller. 
Diurnal Cycle of Short-Duration Intensity Extremes
Diurnal cycles of intensity for short ADs have rarely been analysed. Clearly evident diurnal cycles for the maximum value of 5-min, 15-min, 30-min, and 60-min AD data, processed to yield means for each hour of the day using all rain days recorded for each month in the entire record, were found for MM ( Figure 3 ). Though exhibiting less regularity than the seasonal cycles discussed above, the hourly intensities show an afternoon peak in intensity at 16:00-17:00 h, and a morning minimum at 10:00 h. The amplitude of the diurnal cycle diminishes with AD as expected. It is 21.2 mm h −1 for 5-min AD and declines to 7.7 mm h −1 for 60-min AD data. The diurnal cycles can be revealed in mean rainfall intensities of pooled data from the 790 rain days at MM, for the various ADs. Two examples are shown in Figure 5 (15-min and 60-min ADs). These suggest two intensity minima per diurnal cycle-the first at 10:00 h and the second late in the evening at 21:00-22:00 h. The two maxima that are suggested in these data are the afternoon peak at The diurnal variation was less regular at FG (Figure 4 ). Nevertheless, a morning minimum and a tendency for intensity maxima in the afternoon and evening are evident. The timing of the maximum intensity is variable-it occurs at 15:00 h in the 5-min AD data, 23:00 in the 15-min AD data, but moves to a morning peak at 06:00 in the 30-min and 60-min AD data. In the 5-min AD data, the amplitude of the diurnal cycle is 28 mm h −1 , which is somewhat larger than at MM. The diurnal cycles can be revealed in mean rainfall intensities of pooled data from the 790 rain days at MM, for the various ADs. Two examples are shown in Figure 5 (15-min and 60-min ADs). These suggest two intensity minima per diurnal cycle-the first at 10:00 h and the second late in the evening at 21:00-22:00 h. The two maxima that are suggested in these data are the afternoon peak at The diurnal cycles can be revealed in mean rainfall intensities of pooled data from the 790 rain days at MM, for the various ADs. Two examples are shown in Figure 5 (15-min and 60-min ADs). These suggest two intensity minima per diurnal cycle-the first at 10:00 h and the second late in the evening at 21:00-22:00 h. The two maxima that are suggested in these data are the afternoon peak at 14:00-19:00 h and a secondary morning intensity peak (whose intensity is only about 75% of the afternoon intensity maximum). 14:00-19:00 h and a secondary morning intensity peak (whose intensity is only about 75% of the afternoon intensity maximum). It has to be remembered that rain hours typically contain some rainless time. Elsewhere, the author [15] has reported that afternoon rainfall tends to exhibit higher intermittency, which reaches a minimum during the early morning intensity peak. Therefore, true intensities in the afternoon are higher than suggested by the data of Figure 5 .
The 5-Min and Unaggregated ITT Intensity Data: Full Period of Record
As noted earlier, in the analysis of intensity extremes, the distribution of intensities is often characterised using one or several of the upper percentiles of the pooled data. The shortest ADs yield the least loss of intensity information, and 5-min AD data are explored here for that reason. The goal of the descriptions that follow is to characterize the rainfall intensity at MM and FG in terms of mean and maximum intensity, and to identify the field site that is characterized by the more intense rainfall.
At MM, there were 20,946 5-min ADs with rain. Expressed as equivalent hourly intensities, the mean was 4.4 mm h −1 and the maximum 152 mm h −1 . The distribution of intensities has extreme positive skew (skewness 6.47), and the mode was 2.4 mm h -1 . At MM, the intensity reaches 10 mm h −1 at Q92 of the 5-min AD rainfalls, and it reaches 15 mm h −1 at about Q96. All intensities >15 mm h −1 are thus contained in the uppermost 4% of the 5-min AD data. Only 1364 5-min ADs have intensities > 10 mm h −1 (~0.7% of values). Their total duration is the equivalent of ~4.7 days of rainfall. Thus, rainfall of the Q92 intensity is uncommon, given the record length of 3.3 years, amounting to <36 h per year. This raises the issue of the significance of such uncommon rainfall intensities for landsurface processes, considered further below.
FG had 3519 5-min ADs with rain. Their mean intensity was 7.6 mm h −1 , and the maximum 110 mm h −1 . All percentiles from Q90 to Q99.9 were larger at FG than at MM (Table 1) , confirming the occurrence of more intense rain at the arid field site.
Even 5-min AD data represent a small but significant level of aggregation, and associated loss of intensity information. Furthermore, when converted to equivalent hourly rainfall rates, some limitations emerge. For instance, at MM, the smallest rainfall amount possible in a 5-min AD is 0.2 mm, which is equivalent to an hourly rainfall rate of 2.4 mm h −1 . Thus, the intensity class 0-2 mm h −1 is empty at this site ( Figure 6 ). The mode therefore lies in the 2-4 mm h −1 intensity class ( Figure 6 ), and the occurrence of higher intensities declines rapidly thereafter. This situation becomes more severe for 60-min AD data ( Figure 6 ). For both locations, Q95 in the 5-min AD data reaches only 20%-30% of Q95 of the unaggregated ITT data (Table 1 ). In interpreting the AD percentile data, it has to be remembered that successive percentiles may reflect minutes of rain that fell months apart. The It has to be remembered that rain hours typically contain some rainless time. Elsewhere, the author [15] has reported that afternoon rainfall tends to exhibit higher intermittency, which reaches a minimum during the early morning intensity peak. Therefore, true intensities in the afternoon are higher than suggested by the data of Figure 5 .
The 5-min and Unaggregated ITT Intensity Data: Full Period of Record
At MM, there were 20,946 5-min ADs with rain. Expressed as equivalent hourly intensities, the mean was 4.4 mm h −1 and the maximum 152 mm h −1 . The distribution of intensities has extreme positive skew (skewness 6.47), and the mode was 2.4 mm h −1 . At MM, the intensity reaches 10 mm h −1 at Q92 of the 5-min AD rainfalls, and it reaches 15 mm h −1 at about Q96. All intensities >15 mm h −1 are thus contained in the uppermost 4% of the 5-min AD data. Only 1364 5-min ADs have intensities > 10 mm h −1 (~0.7% of values). Their total duration is the equivalent of~4.7 days of rainfall. Thus, rainfall of the Q92 intensity is uncommon, given the record length of 3.3 years, amounting to <36 h per year. This raises the issue of the significance of such uncommon rainfall intensities for landsurface processes, considered further below.
Even 5-min AD data represent a small but significant level of aggregation, and associated loss of intensity information. Furthermore, when converted to equivalent hourly rainfall rates, some limitations emerge. For instance, at MM, the smallest rainfall amount possible in a 5-min AD is 0.2 mm, which is equivalent to an hourly rainfall rate of 2.4 mm h −1 . Thus, the intensity class 0-2 mm h −1 is empty at this site ( Figure 6 ). The mode therefore lies in the 2-4 mm h −1 intensity class ( Figure 6 ), and the occurrence of higher intensities declines rapidly thereafter. This situation becomes more severe for 60-min AD data ( Figure 6 ). For both locations, Q95 in the 5-min AD data reaches only 20%-30% of Q95 of the unaggregated ITT data (Table 1 ). In interpreting the AD percentile data, it has to be remembered that successive percentiles may reflect minutes of rain that fell months apart. The seasonal and diurnal analyses presented above suggest that it is probable that the upper percentiles of intensity reflect afternoon rain during summer months, but there is no ready means of checking this. Indeed, the limitations of the analysis of percentiles in pooled data such as these raises issues of importance to landsurface processes. Aspects of importance in that context include the rainfall depth (perhaps as a proportion of the annual rainfall) arriving in single events, and the amount delivered above the various percentiles shown in Table 1 . Other issues, such as the sequence of intensities and the duration of continuous rainfall vs. intermittent rainfall, cannot be examined using percentile data such as Q95 of 5-min rainfalls. Table 1 . Upper percentiles of 5-min AD rainfalls and of intensities derived from unaggregated inter-tip times (ITTs), for both MM and FG observing stations.
Field Site MM FG
Percentile of 5-Min AD Intensities (mm h −1 )
Unaggregated ITT Intensities (mm h −1 ) this. Indeed, the limitations of the analysis of percentiles in pooled data such as these raises issues of importance to landsurface processes. Aspects of importance in that context include the rainfall depth (perhaps as a proportion of the annual rainfall) arriving in single events, and the amount delivered above the various percentiles shown in Table 1 . Other issues, such as the sequence of intensities and the duration of continuous rainfall vs. intermittent rainfall, cannot be examined using percentile data such as Q95 of 5-min rainfalls. By aggregating the rainfall data into intensity classes, and summing the rainfall delivered in each intensity class, further information on the distribution of intensity can be derived. The index R Q95 , described above, can be derived from such data. Classes having a width of 2 mm h −1 were used in the calculations below. The trends in the cumulative distributions of 5-min ADs and of cumulative rainfall depths are shown in Figure 7 . By aggregating the rainfall data into intensity classes, and summing the rainfall delivered in each intensity class, further information on the distribution of intensity can be derived. The index RQ95, described above, can be derived from such data. Classes having a width of 2 mm h −1 were used in the calculations below. The trends in the cumulative distributions of 5-min ADs and of cumulative rainfall depths are shown in Figure 7 . At MM, the 5-min AD data indicate that rain of >8 mm h −1 delivers 10% of the total rainfall (915 mm). Rain of >32 mm h −1 delivers 1% of the total rainfall (91.5 mm). These are substantial amounts of rainfall at high intensities.
5-Min AD Intensities
Values are somewhat different at FG, where 10% of the rain is delivered at >15 mm h −1 and rain of >40 mm h −1 delivers 1% of rain. These intensities are higher than those at MM. Rain of >60 mm h −1 represents just 1.7 h of rain at FG (cf. 145 h at MM), but delivers almost 7% of the total rainfall (c.f. <6% at MM). In terms of landsurface processes, these relatively short periods of intense rainfall may drive significant processes: hillslope erosion, and channel change, bank scour, and sediment transport, especially in smaller catchments where the concentration time is short. This emphasises the need to focus on antecedent wetness and the temporal sequence of rainfalls. At MM, the 5-min AD data indicate that rain of >8 mm h −1 delivers 10% of the total rainfall (915 mm). Rain of >32 mm h −1 delivers 1% of the total rainfall (91.5 mm). These are substantial amounts of rainfall at high intensities.
Values are somewhat different at FG, where 10% of the rain is delivered at >15 mm h −1 and rain of >40 mm h −1 delivers 1% of rain. These intensities are higher than those at MM. Rain of >60 mm h −1 represents just 1.7 h of rain at FG (cf. 145 h at MM), but delivers almost 7% of the total rainfall (c.f. <6% at MM). In terms of landsurface processes, these relatively short periods of intense rainfall may drive significant processes: hillslope erosion, and channel change, bank scour, and sediment transport, especially in smaller catchments where the concentration time is short. This emphasises the need to focus on antecedent wetness and the temporal sequence of rainfalls.
The data from MM and FG presented in Table 2 suggest that the intensity above which 5% of the rainfall is delivered (R Q95 ) might provide a suitable index for characterising intense rainfall. At both sites, the 95th percentile of the 5-min ADs corresponds to an intensity of about 15 mm h −1 , which is not an extreme intensity. In contrast, the 95th percentile of the rain depths corresponds to an intensity of about 50 mm h −1 , which is extreme. By '5% of the rainfall' is meant 5% of the total in any record, which might for instance span a single wet season, or which might include 50 months of data or 8.7 years of data. Annual figures are not essential to compute a value for R Q95 . Table 2 presents summary data for MM and FG, covering rainfall having intensities of ≤2 mm h −1 to ≤100 mm h −1 , together with the corresponding percentiles of the 5-min AD data. It is apparent that R Q95 and Q95 of the 5-min AD data reveal quite different characterisations of extreme intensities at the two field sites.
Thus, at MM, according to the rainfall depth data, nearly 29% of the total recorded rainfall depth fell at intensities ≤2 mm h −1 , and approaching half (44%) fell at intensities ≤5 mm h −1 . In contrast, about 63% of 5-min ADs have intensities <2 mm h −1 and almost 80% have intensities ≤5 mm h −1 . Rain at ≤20 mm h −1 delivered 80% of the total recorded rainfall, but this intensity corresponds with Q97.5 of the 5-min AD data. In all cases, the percentiles associated with the AD intensity data are considerably higher than those derived from the rainfall amount data.
Very similar results were found at FG. There, 52% of the rain amount was delivered at ≤5 mm h −1 , and as at MM, rain of ≤20 mm h −1 delivered almost 80% of the rainfall. However, this intensity corresponds with a much higher percentile position (Q95.5) of the 5-min AD data for FG.
In summary, Q95 (a percentile commonly used to define what is 'extreme' intensity) of the 5-min data is reached at both field sites for rainfalls of~15 mm h −1 . This is a considerably lower intensity than the threshold intensity above which 5% of the total recorded rainfall is delivered (R Q95 ), which is 50 mm h −1 . This raises the question of which measure is the more informative in studies of rainfall intensity. This issue is considered further below.
Discussion
Seasonal and Diurnal Variation in Short AD Rainfall Intensities
Key findings presented above include the observation that at both field observing stations, there are both seasonal and diurnal variations in short AD rainfall intensities, whose amplitudes exceed 20 mm h −1 . These findings suggest that when measures such as Q95 of the 5-min AD data are extracted, there is a significant likelihood that they represent afternoon rainfall during summer months. This is perhaps unsurprising, given the greater convective activity likely during hot summer afternoons. However, the more important implication for studies of extremes is that if these characteristics of the population of rainfall data change, or differ among observing stations, then so too will indices such as Q95. If an increase in Q95 is detected, the correct interpretation of this must be supported by an understanding of whether change in the pattern of diurnal and seasonal variation of intensity might partly account for the observation. For instance, the afternoon intensity peak might expand to occupy a larger fraction of the day, so perturbing the entire distribution of 5-min AD data, including Q95. The presence of seasonal and diurnal cycles also argues against the pooling of data from multiple stations and the use of a single percentile such as Q95, without a knowledge of the population of intensities from which it is drawn.
What Best Reflects Extremes of Rainfall Intensity
It was shown that for the two observing stations, MM and FG, the Q95 of 5-min AD rainfalls is~15 mm h −1 . This does not mean that 5% of the rain exceeds this intensity, since data aggregated to such an AD are not true intensities. Rather, Q95 of the 5-min AD data means that 5% of the AD values exceed~15 mm h −1 . In fact, the data of Table 2 show that 20%-25% of the rainfall exceeds Q95. Given that up to a quarter of the total rainfall recorded at each field site exceeds the Q95 intensity, the suitability of this value as a measure of 'extreme' can be questioned. In fact, R Q95 may well be more relevant: that intensity above which~5% of the total rainfall is delivered. The relevant intensity for both observing stations is about 50 mm h −1 (considerably more intense than Q95 of the 5-min AD data).
There are further limitations to the use of percentiles of the AD data. Thus, although 5% of 5-min ADs have rainfall totals exceeding Q95, the extent to which their intensity is higher is not revealed in such data. The upper 5% of AD values might be very much higher than the Q95 value, or only slightly higher. Further, if the uppermost 5% of ADs contain very high intensity, they may contribute proportionally more to the total rainfall than the Q95 percentile suggests. If they are of only slightly higher intensity, then their contribution to total rainfall may be smaller. Thus, again, the interpretation of Q95 in 5-min AD data is not entirely clear, and indeed it may have different significance under different rainfall climatologies.
In any case, it has to be remembered that even 5-min data represent a temporal aggregation for intense rainfall. For instance, at MM, an intensity of 120 mm h −1 results in a bucket tip event every 6 s. A period of 5 min could contain 50 tip events at this intensity, or might include just 10 tip events if the intensity only lasted for 1 min within the 5-min AD. Therefore, the rainfall recorded in a particular 5-min AD may not represent correctly the intensity even during that short period. Considerably higher intensities are suggested by the unaggregated ITT data than by the 5-min AD data (Table 1) .
One advantage of the proposed R Q95 index is that it permits the depth of rainfall delivered by the upper 5% of intensities to be estimated in a straightforward way from a knowledge of the annual total rainfall. This cannot be done using the 95th percentile of 5-min AD rainfalls. A necessary prerequisite is the acquisition of rainfall intensity data having high temporal resolution.
Data Availability and the Detection of Intensity Extremes
Intensity extremes are not straightforward to quantify, in part owing to the relative infrequency of observations toward the upper tail of the distribution of intensities. Pooling data from various observing sites and years in order to accumulate more data on intensity extremes would blur secular trends, the variation of intensity with drought, or associated with various teleconnections such as ENSO, which are known to affect the intensity distribution [77] . Likewise, the use of long records may hinder the detection of secular change in rainfall intensities. For instance, percentiles of rainfall intensity derived from long records have no associated time of occurrence-they are merely percentiles of the statistical distribution.
Other limitations are associated with the use of percentiles of short AD rainfall data (5-60 min) such as Q95. As mentioned earlier, fixed clock periods such as 60 min may fail to capture the intensity reached in extreme convective rainfalls, if for instance the event is split across two clock hours, such that the total rainfall of neither hour reflects the true intensity of the event. In that situation, it is not entirely clear what information is conveyed by Q95 of the maximum 60 min intensity per rain day (e.g., [50] ). The interpretation of the diversity of published studies is made more difficult by the use of differing percentiles as indices of intensity extremes. For instance, [46] adopted the Q90, Q99, and Q99.9 of hourly rainfalls, whilst others adopt Q95. Furthermore, it is not clear how much more intense percentiles above Q95 are, since this depends on the nature of the distribution of intensities in the positive tail of the distribution (often heavy-tailed), as well as on the AD used to aggregate the rainfall amounts. The number of data points that are available to define extreme intensities such as the Q99.9 intensity percentile, or another value far into the tail of the distribution, can become small and again lead to uncertainty about the significance of such a measure of extreme intensity.
The Proposed R Q95 Index
The alternative examined above was the adoption as a measure of extreme intensity, R Q95 , which is the intensity above which 5% of the annual rainfall (or seasonal rainfall) is recorded, or equivalently, the intensity below which 95% of the rainfall is received. This seems to offer some advantages over the use of a percentile of fixed AD rainfall amounts, though it does not fully solve the problems of describing intensity extremes.
An advantage of the proposed R Q95 index is that it can be more readily understood in terms of impacts of intense rainfall on processes such as urban drainage and flooding, or likely infiltration and runoff mechanisms, than is possible with a percentile of fixed AD rainfall amounts.
As an example, for Millaa the Q95 of 5-min data are 14 mm h −1 (and Q99 is about 32 mm h −1 ), which suggests that the rain is only moderately intense there. However, this is because there are many 5-min intervals with just a single tip event (these amount to 63% of all 5-min AD rainfalls), and these occupy all rankings up to Q63. In contrast, 14 mm h −1 is only Q74 in the cumulative rainfall amount data, which demonstrates that nearly a quarter of the total rainfall is delivered in rain that is more intense than 14 mm h −1 , which the 5-min data therefore somewhat misleadingly suggest is near the upper tail of the distribution of intensities. Of course, the two intensity measures progressively converge toward the absolute maximum intensities, since the highest intensities become very uncommon, such that they are both an uppermost percentile of the 5-min data and in the rainfall amount data, and deliver very little of the total rainfall. For instance, at MM, Q99.5 of the 5-min AD rainfalls is~40 mm h −1 ; this intensity is at the Q92.7 of rainfall amounts. By Q99.9, the 5-min AD intensity (70 mm h −1 ) is not greatly different in the rainfall amounts, where Q99.9 percentile is 75 mm h −1 . Similar contrasts between the two measures of intense rainfall were seen in the FG data. There, Q95 of the rainfall amount is 51 mm h −1 . Above this intensity, there are 19 5-min AD rainfalls (1.6 h) delivering 136 mm of rain. This is 5.1% of the total rainfall, and represents a mean intensity of 85 mm h −1 , which can be taken as a better measure of 'extreme' intensity at FG.
A final observation that is important relates to the secular change of rainfall intensity. An increase in Q95 of 5-min AD rainfalls might simply be the result of diminished rainfalls (less frequent rainfall) at lower intensities without any actual change in the intense upper tail of the distribution. The same applies to the R Q95 criterion. This is unavoidable, since both indices reflect the distribution of rain across the whole intensity range in any data set being analysed. This issue was raised by [75] in the case of daily data, as noted earlier. However, the problem of changes in Q95 of short-term AD rainfall data is more severe for measures of short-term intensity extremes. This is because, as shown in the MM and FG data, very large numbers of 5-min AD rainfalls represent a single tip of the TBRG bucket during those 5 min. At MM, 13,222 of the 20,946 5-min ADs with rain (that is, 63%) have the value 0.2 mm; at FG, the figure is more extreme (2776 of the 5-min ADs from the total of 3519 ADs, or 78.8%, have the value 0.5 mm). These figures are conditioned by the respective bucket capacities (0.2 mm at MM and 0.5 mm at FG) but also reflect the rainfall intensities at the two locations. These data reveal that the more intense tail of the distribution, as seen in 5-min AD data, is compressed into a smaller part of the entire distribution of values. This makes indices such as Q90, Q95, and Q99 much more susceptible to the kinds of 'artificial' increases in these indices (the term used by [75] ) that might result from a change in the very numerous AD values representing lower intensities. This could occur with no actual increase in intensity extremes. Knowledge of the whole population of intensities is needed to detect such artefacts.
Conclusions
The results presented above demonstrated that short AD intensities exhibit both diurnal and seasonal variability. This is pertinent to the interpretation of percentiles of short AD data such as Q95. Inclusion of fewer low intensity 5-min ADs would increase Q95 of 5-min AD intensity, and also increase the intensity above which 5% of rain is delivered. This could, for instance, be caused by a change in the amplitude of the diurnal cycle of intensities-especially if there are fewer 5-min ADs or lower intensities in the same number of 5-min ADs. A lower number of ADs could result from increased intermittency and might not reflect an actual intensification of rainfall. This suggests that the description of rainfall intensity, and the processing of rainfall data in seeking evidence of secular change in intensities, may need to use multiple indices to capture the nature of the whole statistical population of intensities. Indices could include R Q95 but also related indices such as R Q25 , R Q50 , and R Q75 .
Changes anywhere in the population of short AD rainfall intensities can result in a change in Q95. This can easily be mis-interpreted as a change in intensity extremes. A more secure way to examine secular change in the upper tail of the intensity distribution would be to establish the intensity corresponding to R Q95 in a baseline period, and the tally the fraction of the rainfall recorded at or above that intensity in subsequent data collections. This could readily be done for multiple intensity thresholds in order to detect intensity change at various points in the distribution of rainfall intensities. For purposes such as this, R Q95 , being based on the proportion of annual rainfall rather than a percentile of the distribution of short AD rainfall amounts, appears from the data analysed here to be arguably a more meaningful index of what is 'extreme intensity'.
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